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Increasing the styrene content within the copolymers results in relatively high triplet energy, small energy splitting between the singlet and triplet states (E ST ) and a strong contribution from delayed fluorescence to the overall emission. Green emitting OLED devices employing these polymers as spin-coated emitting layers give high performance, which is dramatically enhanced in the copolymers compared to the homopolymer. Within the series, Copo1 with a regiorandom ratio of 37% TADF units : 63% styrene units displays the best performance with a maximum external quantum efficiency (EQE) of 20.1% and EQE at 100 cd m -2 of 5.3%.
INTRODUCTION
Organic light-emitting diode (OLED) devices have been in continous development since the early 1960s. [1] [2] [3] To improve the external quantum efficiency (EQE) of OLEDs, extensive studies have focused on synthesizing new emissive materials. [4] [5] [6] [7] One of the most important challenges in this field stems from the fact that fluorescent materials harvest emission only from singlet excitons and thus have the limitation of reaching a maximum internal quantum efficiency (IQE) of 25%, whereas statistically 75% triplet excitons are wasted. 8 Harvesting triplet excitons is therefore crucial to achieve OLED devices with 100% IQE. In contrast to pure fluorescent emitters, phosphorescent materials produce light by utilizing both triplet and singlet excitons resulting in almost 100% IQE. [9] [10] [11] However, phosphorescent materials incorporate expensive and scarce metals such as iridium or platinum and display significant degradation in the blue spectral region. 12, 13 Metal-free, thermally activated delayed fluorescence (TADF) materials are considered to be third-generation emitters for OLEDs. [14] [15] [16] [17] [18] The basic requirement for efficient TADF is that the highest occupied and lowest unnocupied molecular orbital (HOMO and LUMO, respectively) are spacially separated to achieve a small energy gap between the lowest lying singlet and triplet states. In this way, both triplet and singlet excitons are utilized via thermal up-conversion of the lowest excited triplets (T 1 ) to singlets (S 1 ) together with fluorescence from the S 1 state, leading to a potential IQE of up to 100%.
Small molecules have been extensively investigated in this context and some very high efficiency TADF OLEDs have been reported. For example, 10,10 ' -(sulfonylbis(4,1-phenylene))bis(9,9-dimethyl-9,10-dihydroacridine) (DMAC-DPS) emits in the blue region with 19.5% EQE. 19 A maximum EQE of 28.6% was obtained in the green region by Lee's group. 20 However, complicated vacuum deposition techniques and precise processing controls are required for many small-molecule based devices to ensure high reproducibility. Solution-3 processing techniques, such as spin-coating or inkjet-printing, offer the advantages of lower cost, simpler processability and large area device fabrication. 21, 22 Solution processing has been applied successfully to a few small-molecule TADF OLEDs based on 2,4,5,6-tetra(3,6-di-tert-butylcarbazol-9-yl)-1,3-dicyanobenzene (t4CzIPN) and close analogs. 23, 24 Polymeric TADF emitters are particularly suitable for solution processing technologies.
However, synthesizing TADF oligomers and polymers is challenging and there are no clear guidelines for their optimal molecular structures. Firstly, simultaneously achieving a small energy splitting between the singlet and triplet states (ΔE ST ) and suppressing internal conversion is very difficult in molecules containing numerous atoms. Secondly, the triplet population in polymers is easily quenched by intramolecular and intermolecular triplet-triplet annihilation. 25 Nonetheless, significant progress has been made recently and the following examples place the present work in context. Albrecht et al. 26 reported TADF in films of solution-processable, non-doped carbazole-based dendrimers with a triazine core: OLED devices with a G3 dendrimer (21 carbazole units) as the active emitting layer gave green electroluminescence with EQE max of 3.4% and a maximum luminance of >1000 cd m -2 .
Nikolaenko et al. 27 reported a linear TADF polymer obtained by a block polymerization approach of three monomers with triazene-amine-triazene emitter units of various lengths spaced with non-conjugated segments. No information was given on the molecular weight or polydispersity of the material. The polymer showed EQE max of 10% at very low current densities and green emission with EQE >4.5% at 100 cd m -2 . Yang et al. 28 synthesized copolymers from three monomer components, with a backbone of polycarbazole and 10-(4- 30 We identified the donor-acceptor (D-A) structure 2-(10H-phenothiazin-10-yl)dibenzothiophene-S,S-dioxide (PTZ-DBTO2) as an efficient TADF unit and recently reported preliminary data on the incorporation of this unit into polymeric structures. 31 OLEDs fabricated with a conjugated copolymer based on PTZ-DBTO2 and dibenzothiophene blocks as the active layer achieved EQE max 11.05% and 3.5% at 100 cd m -2 . Copo1 (Scheme 1) with pendant PTZ-DBTO2 units gave considerably lower device efficiencies with EQE max 2.5%.
31
In the present work, we report in detail the properties and OLED performance of three copolymers, Copo1, Copo2 and Copo3. The copolymers comprise different ratios of PTZ-DBTO2 and styrene units and were designed to study the effect of PTZ-DBTO2 content on the TADF properties. Styrene was chosen as a cheap and readily available monomer to provide spacer units between the pendant TADF groups in the copolymers, thereby reducing the intramolecular and intermolecular triplet-triplet annihilation of adjacent TADF units. The PTZ-DBTO2 homopolymer (Homopo) is also studied for comparison. Steady-state and timeresolved fluorescence spectroscopic data confirm the TADF properties of the polymers. The OLED device data demonstrate that the copolymers give dramatically better performance than the homopolymer, establishing the benefit of minimizing interactions of the TADF units.
Green-emitting devices of Copo1 achieve EQE max as high as 20.1%, with EQE 5.3% at 100 cd m -2 .
RESULTS AND DISCUSSION Scheme 1. Synthetic route for Copo1-3 and Homopo with pendant PTZ-DBTO2 TADF units comprising donor phenothiazine (blue) and acceptor dibenzothiophene-S,S-dioxide (red).
As depicted in Scheme 1, the Copo1-3 and the homopolymer were prepared by the S4 ) and elemental analysis. The weight average molecular weights (M w ) and PDI of the polymers were determined to be 11.5 kDa, PDI 1.6 for Copo1, 12.7 kDa, PDI 1.7 for Copo2, 15.6 kDa, PDI 1.9 for Copo3, and 41.0 kDa, PDI 2.5 for
Homopo, by gel permeation chromatography (GPC) in THF with polystyrene as standard (Table 1 ). These data confirm that polymers with moderately high molecular weights are obtained.
The thermal properties of the polymers were investigated by differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). As shown Table 1 Table 1 . Characterization data for the polymers. The UV-Vis absorption spectrum of Homopo (Figure 1b) shows the main characteristic peaks located at ca. 285 and 330 nm, which are consistent with the absorption spectrum of the PTZ-DBTO2 TADF units. 31 The absorption profiles for Copo1-3 are similar and are blueshifted by ca. 6-7 nm compared to Homopo. This indicates that the styrene units can effectively reduce any aggregation between the TADF units and should thereby reduce the triplet-triplet annihilation. The fluorescence spectra appear as broad and featureless bands with  max at 535, 546, 553 and 556 nm for Copo1, Copo2, Copo3 and Homopo, respectively.
An obvious and incremental red-shift can be observed when the content of styrene decreases. This is probably due to an interaction between the TADF units. In Copo1, with the larger proportion of styrene spacers, the TADF units behave more as an isolated chromophore, and therefore the phosphorescence is at higher energy, because of a more substantial acceptor contribution. This is consistent with our previous report. 31 In addition, the peak widths at half height of all the emissions are decreased from ca.141 nm for Homopo to 128 nm for Copo1, suggesting the addition of styrene can reduce aggregation and improve the color purity. The PL data are consistent with the UV-Vis absorption spectra.
The electrochemical behavior of the four polymers was investigated by cyclic voltammetry (CV) in degassed anhydrous acetonitrile solution. The data show quasireversible oxidation and reduction processes for all polymers (Figure 2 ) corresponding to electrochemical doping and dedoping during the potential sweeps. Copo1 has very similar oxidation and reduction potentials to unsubstituted phenothiazine donor and dibenzothiophene-S,S-dioxide acceptor units, respectively. 30 All the polymers display similar oxidation and reduction behavior as the process is centered on the PTZ-DBTO2 TADF units.
A slight increase in oxidation potential is observed when the content of styrene decreases, i.e.
Homopo is harder to oxidize than the copolymers, which may be attributed to the relatively higher conjugation of Homopo which is consistent with the absorption spectra discussed above. Meanwhile, Homopo is more difficult to reduce than the copolymers. This is possibly 8 due to the enhanced steric congestion in Homopo which could make it more difficult to flatten the structure of the polymer chains during the electron transfer process.
The HOMO and LUMO energy levels of all the polymers were calculated according to the internal reference ferrocene redox couple in acetonitrile by using the following formulae: 33, 34 E HOMO = -(E (onset, ox vs. Fc+/Fc) + 5.1)
The HOMO and LUMO energy levels are shown in Table 1 Figure S5 , which may be assigned to the styrene units dispersing the TADF units and thus preventing triplet-triplet annihilation.
The fluorescence decays in film state of Copo1-3 and Homopo at room temperature were monitored over a time interval of six decades (Figure 3a) . Both PF and DF components are clearly observed for all the polymers. However, PF and DF show complex decay dynamics. The decays cannot be fitted by sums of exponentials. This is probably due to dispersion on the TADF barrier. Figure 3b shows the typical excitation power dependence of DF of Copo2 at room temperature. The emission intensity increases linearly with excitation dose as predicted in a TADF mechanism. Figure 3c shows the integrated delayed fluorescence collected with 1 μs delay time, and integrated over 100 μs; a clear linear dependence with excitation dose (the slope is 1) is observed. These data confirm that DF originates from a monomolecular process, rather than from triplet-triplet annihilation (for which the slope is 2). 35 Therefore, the DF of Copo2 is unambiguously assigned to a TADF mechanism. Copo1, Copo3 and Homopo show similar behavior ( Figure S6-8) . We have previously reported in preliminary studies that Copo1 gave OLEDs with EQE max 2.5%. 31 To explore the structure-property relationships of Copo1-3 and Homopo in polymer OLEDs, and to optimize the device performance within this series, devices were 31 it is clear that mCP is a better host than CBP. This is most likely due to the fact that the triplet level of mCP (2.9 eV) 36 is higher than that of CBP (2.56 eV), 36 which helps to confine the triplet excited states in the TADF units when mCP is the host. This will avoid quenching due to triplet-triplet annihilation, and also quenching by the host. The device performances for Copo2, Copo3 and Homopo in directly comparable conditions are relatively low, indicating the insulating spacer styrene units play an important role in the OLED properties of these polymers. The electroluminescence spectra of the polymers are shown in Figure 5a . All of the devices exhibit emission exclusively from the TADF polymers at ca. 530-550 nm without any evidence of mCP emission at 360 nm. 37 It is notable that the  max value of the EL spectra shifts to longer wavelength in the sequence Copo1 (533 nm) ˂ Copo2 (536 nm) ˂ Copo3 To elucidate the reason why Copo1 based OLEDs display the best performance in this series, the triplet energies of the four polymers were determined as shown in Figure 5b according to the phosphorescent spectra for which the highest energy peak defines the triplet energy (E T ). 14 As shown in Table 1 , Copo1 has the highest E T (2.46 eV) and E T decreases with decreasing the content of styrene. Styrene units have low polarity, therefore the different polymer compositions should have a minimal effect on the dielectric properties of the system.
Moreover, the triplet state is a local excited state, with negligible excited dipole moment and therefore is not significantly affected by the dielectric medium. Since the energy of the singlet state is not so affected, the singlet-triplet energy gap is smaller in Copo1 than in the other polymers, which facilitates reverse intersystem crossing (RISC) and leads to a higher TADF contribution in Copo1. The singlet energy is estimated from the onset of the broad 14 emission band, which provides a more comparable result, as demonstrated by previous studies. 38 The contribution of delayed fluorescence (DF) to the overall emission is shown in Figure 6 for all the polymers. The data were obtained from the integral of the prompt and delayed fluorescence, determined from the luminescence decay obtained in vacuum because the pristine films are not permeable to oxygen diffusion. For all the polymers, the DF of is red shifted compared with the PF, and the DF shows an obvious spectral narrowing relative to PF (Figure 6ba-d) . This may be caused by the contributions of a residual local singlet excited state and a singlet charge transfer state in PF. As stated in Table 1 , the DF contribution is 44.4% for Copo1 and this value decreases gradually with reducing the content of styrene to 33.2% for Homopo. These data are in good agreement with the determination from steadystate fluorescence, and with the enhanced performance of Copo1 devices.
CONCLUSIONS
In summary, a series of pendant polymers with 2-(10H-phenothiazin-10-yl) dibenzothiophene-S,S-dioxide as TADF units and insulating styrene units as side chains have been synthesized and structure/property/OLED performance relationships have been established. Photophysical data confirm that for all the polymers the reverse intersystem crossing mechanism is able to compete with internal conversion and triplet-triplet annihilation.
The effect of styrene content on the properties of the TADF properties of the polymers has been evaluated. The triplet energy and the delayed fluorescence contribution increases with increasing styrene content of the copolymers; meanwhile, the energy splitting between the singlet and triplet states (E ST ) decreases with reducing styrene content of copolymers. OLED devices based these polymers as spin-coated emitting layers gave high performance, which is enhanced for the copolymers compared to the homopolymer. The best EL performance was achieved for the Copo1-based device with CE max of 61.3 cd/A, PE max of 40.1 lm/W, and EQE max of 20.1%. To our knowledge this is the highest EQE reported to date for a TADF polymer. [26] [27] [28] [29] [30] [31] Furthermore, at 100 cd m -2 the EQE was 5.3%. High EQE, even at very low luminance, is widely recognized as an important figure-of-merit for OLED efficiencies. 40 The key molecular features we have developed in this work, namely a non-conductive polymer backbone with pendant TADF units separated by non-emissive units, should be versatile for the design of new families of TADF polymers. It remains to be seen if polymers, which have the potential benefits of high thermal stability, good film-forming ability and reduced phase separation, can be widely exploited for color tuning and enhanced TADF-OLED performance. permeation chromatography (GPC) analysis was carried out on a Waters 515-2410 system using polystyrene standards as molecular weight references and tetrahydrofuran (THF) as the eluent. Phosphorescence, prompt fluorescence (PF), and delayed emission (DF) spectra and decays were recorded using nanosecond gated luminescence and lifetime measurements (from 400 ps to 1 s) with either a high energy pulsed Nd:YAG laser emitting at 355 nm (EKSPLA) or a N2 laser emitting at 337 nm. Emission was focused onto a spectrograph and detected on a sensitive gated iCCD camera (Stanford Computer Optics) having sub-nanosecond resolution.
EXPERIMENTAL SECTION
PF/DF time resolved measurements were performed by exponentially increasing the gate and delay times.
Device fabrication and characterization. The hole-injection material PEDOT:PSS (8000), electron-transporting and hole-blocking material TPBI were obtained from commercial sources. ITO-coated glass with a sheet resistance of 10 Ω per square was used as the substrate.
Before device fabrication, the ITO-coated glass substrate was precleaned and exposed to UVozone for 2 min. PEDOT:PSS was then spin-coated onto the clean ITO substrate as a holeinjection layer. Next a mixture of 10% polymer and 90% mCP in chlorobenzene was spincoated (1 mg/mL;1500 rpm) to form a 45 nm thick emissive layer and annealed at 80 The EL spectra were recorded using a JYSPEX CCD3000 spectrometer. The EQE values were calculated from the luminance, current density, and electroluminescence spectrum according to previously reported methods. All measurements were performed at room temperature under ambient conditions.
